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ABSTRACT

The LIGO/Virgo gravitational-wave (GW) interferometers have to-date detected
ten merging black hole (BH) binaries, some with masses coreidbly larger than had
been anticipated. Stellar-mass BH binaries at the high end dfie observed mass
range (with "chirp mass" M & 25M ) should be detectable by a space-based GW
observatory years before those binaries become visible tognd-based GW detectors.
This white paper discusses some of the synergies that resuliem the same binaries
are observed by instruments in space and on the ground. We safer intermediate-
mass black hole binaries (with total mas$1 1¢* 10*M ) as well as stellar-mass
black hole binaries. We illustrate how combining space-baed and ground-based data
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sets can break degeneracies and thereby improve our undangting of the binary's
physical parameters. While early work focused on how spacasled observatories can
forecast precisely when some mergers will be observed on gineund, the reverse is
also important: ground-based detections will allow us to 'id deeper" into archived,
space-based data to con dently identify black hole inspita whose signal-to-noise
ratios were originally sub-threshold, increasing the nunds of binaries observed in
both bands by a factor of 4{7.



1. INTRODUCTION

The LIGO/Virgo detections of gravitational waves (GWs) from ¢o-date) ten binary
black hole (BH) mergers and one binary neutron star merger hawalready demon-
strated the capacity of GW astronomy to yield important and unexpected discoveries.

The rst binary detected by LIGO, GW150914, would have been alervable a few
years prior to merger by a space-based detector, had one begng then [ 44]. Just
as for multi-wavelength electromagnetic observations, owining information from
di erent GW bands { by observing the same sourceas it sweeps through di erent
frequency bands { will enable novel ways to exploit the data.

LIGO and Virgo are currently sensitive to GWs in the 30 1000Hz band, and
next-generation ground-based observatories will be seih@ downto 1 10Hz.
Because lower frequencies imply longer detector arms, eoqahg the 10 4 10 1Hz
regime requires an observatory in space. Other Decadal whipapers will describe
diverse areas of astronomy that will be opened up by a low-freency, space-based
GW observatory: see e.g.9} 14; 30; 6; 11; 28, 4; 7; 29, 16, 18]. Here, we describe the
science that will be enabled by GW observations ¢fie sameBH binaries from both
ground and space.

In addition to stellar-mass BHs of the sort detected so far, weill consider the
implications for intermediate-mass BHs (IMBHsM 10> 10°M ). Electromag-
netic observations have found some IMBHandidates(see e.g. 71, 33)), but the
evidence for their existence is still not conclusiveGW astronomy promises the
rst cosmological survey of BHs in the full mass range from primordial
to supermassive , which should in turn help distinguish between various compiag
BH formation scenarios in each di erent mass range.

Section2 is mainly concerned with detection issues, while Seg.covers parameter
estimation, and scienti ¢ inference more generally.

2. MULTIBAND GW DETECTION OF BH BINARIES

Which binaries will be observable by both ground-based and spabased detectors?
To answer this question gquantitatively, we need to choose ree@ ducial sensitivity
curves. For concreteness, we will use the planned Laser méeometer Space Antenna
(LISA) mission, with a noise power spectral density taken fra [38] (but converted
to standard noise conventions for ground-based detectoa3 our ducial example to
illustrate what can be done from space. For ground-based deters we will adopt
two proposed next-generation detectors: the Einstein Tedeope (ET) B5 and the
Cosmic Explorer (CE) [l]. For illustration, Fig. 1a depicts the signal strength of tvo
ducial binaries { a (30 +30)M binary at D = 100 Mpc (i.e., a LIGO-type source)
and a (1¢ + 10%)M IMBH binary at z = 1 { laid over the noise curves of LISA, a
speci ¢ ET design called ET-D, and CE, respectively. In thisgure, signal strengths
are plotted against signal frequency. In the time domain, # inspiral signals are



4

chirps with frequency increasing in time and, therefore, time increases left-to-right
along these tracks.

Both signal tracks begin four years prior to merger. We first see their inspiral
in LISA, and roughly four years later we see their merger and ringdown in ground
detectors. Fig. 1b shows the redshift z and luminosity distance D out to which BH
binaries can be detected for these three observatories, as a function of their total
mass. Here the binaries are taken to be equal-mass and non-spinning, the masses
refer to the "source-frame,” the detection threshold is taken as a signal-to-noise ratio
(SNR) > 8 for a source with optimal sky location and orientation, we use a canonical
ACDM model to determine Dp(z), and the gravitational waveforms are generated
using the IMRPhenomPv2 model [26; 43].
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Figure 1. (a): Frequency tracks of binary BH signals, compared to the noise curves for
LISA, ET and CE. The (30 + 30) M binary will radiate at ~ 10 mHz four years prior to
merger, while the (1000 + 1000)Ms IMBH binary will sweep through most of the LISA
band in that time. (b): Redshift out to which BH binaries are detectable, for current
and proposed ground-based GW experiments. We consider equal-mass, non-spinning BHs.
Masses refer to the source frame, and our criterion for detectability is that the SNR should
be > 8 for a binary with optimal sky location and oriention.

Fig. 1b shows that for ET or CE, a GW150914-like signal will be detectable up to
z 2 10. The "sweet spot” for joint space and ground detection of IMBHs will be
M ~ T00Mg; such binaries will be jointly detectable out to z ~ 3. For stellar-mass
binaries, LISA will be much less sensitive than ET or CE, independently detecting
only a small fraction of the stellar-mass binaries observed on the ground. However
one can exploit the ground-based binary parameter measurements to greatly focus the
search through archived LISA data, and hence reduce the SNR threshold needed to
confidently identify the binary signals in the low-frequency data set. Wong et al. [54]
showed that this data analysis strategy should increase the number of multiband
detections by a factor ~ 4-7. This increased number of detections will amplify the
power of statistical comparisons between different astrophysical binary population
and evolution models [13; 22; 45; 46; 25].



3. ENHANCED SCIENCE FROM MULTIBAND GW DETECTIONS OF BHB'S

Space-based GW observations will complement higher frequg Earth-based GW
data in four main ways:
1) Space-based detections will provide hours to months of advance warning
for some of the mergers that will be observed on the ground. This will alert
GW observers to ensure their detectors should be "on" durinthe merger. While
only a small fraction of ground-based detections will benefrom such alerts, these
will generally be the closest, loudest events, and so amongetimost useful ones
for performing tests of general relativity, as discussed logv. Naturally, this will also
inform the EM community of an impending event. Itis an open mytery whether these
binary BH mergers would generate an EM counterpart. The gera expectation is
that the material left behind after the merger is not su cient to power relativistic jets.
However, the weak transient signal recorded by the Fermi GBM strument less than a
second after GW1509141f] renewed interest in possible electromagnetic counterpsir
to binary mergers fi]. Space-based advance warnings will provide the merger ém
to within a minute, and an approximate sky location, thus hgling electromagnetic
astronomers prepare for the opportunity to open a new discery space.
2) Observations from space will give us access to features of the gravi-
tational waveforms that may be absent (or poorly measured) in ground-
based data. A good example is orbital eccentricity. GW emission is welldown to
circularize binary orbits [34], and therefore ground-based detectors are not expected to
measure any signi cant eccentricity in most astrophysicalcgnarios. A low-frequency,
space-based interferometer will access an earlier phaséhefinspiral, and it will mea-
sure the binary's eccentricity at a remarkable 0:01 level B1]. This can be a pow-
erful tool for distinguishing between BBH formation channie [10; 32, 39; 37; 17, 41].
Another example is the modulation of gravitational waveformslue to spin-induced
precession of the orbital plane?], which similarly encodes important information on
the binary formation mechanism 24; 51; 40; 20; 19; 23). Since ground-based detectors
can only access the last few orbital precession cycles, theannot usually measure
individual spins with high precision B; 52, 36, 50]. On the other hand, space-based
missions observe many more precession cycles. Preliminaugyrk suggests that they
might provide accurate spin measurements for IMBH binariesvhich would in turn
yield further insights into their formation mechanisms.

3) Multiband observations will yield complementary information that
can remove degeneracies between parameters and/or improve parameter
estimation. This possibility was rst suggested in Ref. 49 assuming aLIGO sensi-
tivity. In Fig. 2 we update that analysis by assuming { more realistically, esidering
LISA's anticipated launch date { a ground-based detector natork composed of one
ET and one CE observatory.
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targeting speci c features of the signal. For example, Ref. ] showed that narrow-
band setups for current and future detectors might improveimgdown tests of the
Kerr nature of BHs by up to a factor of two. The gain from narrow-nding may be
larger for third-generation detectors, where quantum nagsis expected to dominate
other noise sources by a facta® 2 for frequencies 40 Hz.

4. CONCLUDING THOUGHTS

We have sketched just a few examples of how multiband GW datailixadvance our
understanding of stellar-mass BH binaries and IMBHs, beyondhat is achievable
from either space-based or ground-based GW data alone. While wave focused
on the science from binaries that are observed in both the tigand low-frequency
bands, we would be remiss not to at least mention the sciencield from comparing
the entire population of stellar-mass and intermediate-mass BH binaries obsedvby
LISA with the entire population of these, as observed by ground-based detectors {
including the sources not observed in both bands within a feywears of each other.
The distribution of binaries in GW frequency re ects the phical processes underly-
ing their creation and evolution (e.g, whether tight binares are formed dynamically
through three-body interactions, or through two-body stdar evolution, would lead
to di erent initial eccentricities, and hence di erent frequency distributions). Ob-
servations of the population distribution across the speatm should provide strong
constraints on BH binary formation channels [ ; ; ; ; ; ]. Additionally,
this white paper has focused on the enhanced science madeilalée by combining
LISA data with ground-based data, but we would be remiss notot mention that
there is signi cant interest internationally in ying a GW m ission that would re-
semble a shorter-armed LISA, with optimal sensitivity in the 10! 1Hz range.
Currently this interest is strongest in Japan, where the mostelevant mission is called
B-Decigo | ], and in China. Clearly the synergies explored here would lgrbe en-
hanced by the ability to follow a single binary's GW emissioracross the entirety of
the range 103 100Hz. An extra advantage of adding B-Decigo to our mix of
observatories (emphasized in []) is that B-Decigo would give advance warnings to
ground-based detectors of neutron-star/neutron-star (NMS) mergers. LISA cannot
provide these, since the NS/NS inspiral time, from the LISA bahto merger, is far
too long.

The theoretical study of multiband GW astronomy is a hew and epiting area of
research, and we anticipate new ideas as such synergies agpaerd further.
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